Reactive oxygen species (ROS) can cause pancreatic β-cell death by activating transient receptor potential (melastatin) 2 (TRPM2) channels. Cell death has been attributed to the ability of these channels to raise cytosolic Ca 2 + . Recent studies however revealed that TRPM2 channels can also conduct Zn 2 + , but the physiological relevance of this property is enigmatic. Given that Zn 2 + is cytotoxic, we asked whether TRPM2 channels can permeate sufficient Zn 2 + to affect cell viability. To address this, we used the insulin secreting (INS1) 
Reactive oxygen species (ROS) can cause pancreatic β-cell death by activating transient receptor potential (melastatin) 2 (TRPM2) channels. Cell death has been attributed to the ability of these channels to raise cytosolic Ca 2 + . Recent studies however revealed that TRPM2 channels can also conduct Zn 2 + , but the physiological relevance of this property is enigmatic. Given that Zn 2 + is cytotoxic, we asked whether TRPM2 channels can permeate sufficient Zn 2 + to affect cell viability. To address this, we used the insulin secreting (INS1) β-cell line, human embryonic kidney (HEK)-293 cells transfected with TRPM2 and pancreatic islets. H 2 O 2 activation of TRPM2 channels increases the cytosolic levels of both Ca 2 + and Zn 2 + and causes apoptotic cell death. Interestingly, chelation of Zn 2 + alone was sufficient to prevent β-cell death. The source of the cytotoxic Zn 2 + is intracellular, found largely sequestered in lysosomes. Lysosomes express TRPM2 channels, providing a potential route for Zn 2 + release. Zn 2 + release is potentiated by extracellular Ca 2 + entry, indicating that Ca 2 + -induced Zn 2 + release leads to apoptosis. Knockout of TRPM2 channels protects mice from β-cell death and hyperglycaemia induced by multiple low-dose streptozotocin (STZ; MLDS) administration. These results argue that TRPM2-mediated, Ca 2 + -potentiated Zn 2 + release underlies ROS-induced β-cell death and Zn 2 + , rather than Ca 2 + , plays a primary role in apoptosis.
INTRODUCTION
Pancreatic β-cell death is a hallmark of Type 1 diabetes (T1D). It is caused by the autoimmune destruction of β-cells, leading to insulin deficiency and severe hyperglycaemia (T1D) [1] [2] [3] . Reactive oxygen species (ROS), including H 2 O 2 , play a central role in the immune-mediated β-cell death [1, 2] . One mechanism by which ROS brings about cell death begins with nicks in ssDNA and activation of the poly(ADP-ribose) polymerase (PARP)-poly(ADP-ribose) glycohydrolase (PARG) pathway [4] . PARP catalyses the transfer of ADP-ribose moieties from NAD to acceptor proteins that are subsequently released by the action of PARG. Activation of PARP-PARG pathway thus results in NAD depletion and production of ADP-ribose. Since NAD is required for ATP generation, NAD depletion was thought to result in energy deficiency and cell death by necrosis [5] [6] [7] . A potential link between NAD depletion and T1D was demonstrated by the findings that knockout of PARP in mice prevents streptozotocin (STZ)-induced β-cell death and hyperglycaemia [5, 7] . Subsequent studies however have shown that ADP-ribose, the by-product of NAD metabolism, is a potent activator of the transient receptor potential (melastatin) 2 (TRPM2) channel [8] and inhibition of TRPM2 channels prevents apoptosis [9] [10] [11] [12] . These later results raised the possibility that TRPM2 (ADPribose)-mediated β-cell apoptosis could also contribute to T1D, but its role relative to energy depletion has not been investigated.
TRPM2 is a non-selective cation channel activated by H 2 O 2 . Although H 2 O 2 can directly activate the channel, activation is largely mediated by ADP-ribose [8, [10] [11] [12] . The channels are also directly activated through the oxidation of a methionine located in the cytoplasmic N-terminal domain [13] . TRPM2 expression was first reported in the plasma membrane, but a previous study demonstrated its expression in the lysosomal membranes and a role in the lysosomal Ca 2 + release [14] . Its activation thus can raise cytosolic Ca 2 + through extracellular entry and lysosomal release. The TRPM2 channel is proposed to play a dual role in β-cell physiology with modest TRPM2-mediated Ca 2 + elevation being implicated in glucose-stimulated insulin secretion [15, 16] , although the in vivo evidence in TRPM2-knockout mice is somewhat controversial [15, 17] . However, strong activation of the channel causes excessive Ca 2 + elevation resulting in β-cell death [9, 11, 12, 14, 18] . Interestingly, a previous study demonstrated that TRPM2 channels can be permeate by Zn 2 + ions [19] . Although the relevance of this function to cell death has not yet been examined, Zn 2 + is a bona fide cytotoxic ion [20, 21] and could also contribute to TRPM2-mediated β-cell death.
The aim of the present study was to investigate the relative roles of ROS (H 2 O 2 ) generated signals in β-cell death, with a focus on TRPM2-mediated Ca 2 + and Zn 2 + signals. Our results demonstrate that (1) activation of TRPM2 channels leads to intracellular Zn 2 + release and that Zn 2 + release is potentiated by extracellular Ca 2 + entry; (2) rise in Ca 2 + alone cannot cause cell death, but the concomitant Zn 2 + release is essential for cell death; and (3) finally, knockout of TRPM2 channels protects mice from STZ-induced β-cell death and hyperglycaemia. Interestingly, the Abbreviations: 2-APB, 2-aminoethoxydiphenyl borate; DTPA, diethylenetriaminepenta-acetate; HA, haemagglutinin; HEK, human embryonic kidney; i.p., intraperitoneally; MLDS, multiple low-dose streptozotocin; PARG, poly(ADP-ribose) glycohydrolase; PARP, poly(ADP-ribose) polymerase; ROS, reactive oxygen species; SBS, standard bath solution; STZ, streptozotocin; T1D, Type 1 diabetes; TPEN, N,N,N ,N -tetrakis(2-pyridylmethyl)ethylenediamine; TRPM2, transient receptor potential (melastatin) 2.
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results exclude NAD (energy) depletion as the primary cause of β-cell death.
MATERIALS AND METHODS

Animals
C57BL/6 (wild-type) and TRPM2 knockout mice (TRPM2 − / − ) were used in the present study. Generation of TRPM2
− / − mice is as described previously [22] . These mice express a non-functional TRPM2 channel lacking the transmembrane domains 3 and 4 (encoded by exons 17 and 18). All procedures involving mice were performed under U.K. Home Office licence and ethical procedure.
Cell culture
Human embryonic kidney (HEK)-293 and insulin secreting (INS1) cells were cultured as described previously [23] . A HEK-293 cell line conditionally expressing TRPM2 under the control of a tetracycline-regulated promoter (a gift from Dr A.M. Scharenberg, University of Washington, Seattle, WA, U.S.A.) was cultured as for the HEK-293 cell line with the addition of blasticidin (5 μg · ml − 1 ; Invitrogen) and zeocin (400 μg · ml − 1 ; Invitrogen). Expression of TRPM2 was induced by overnight exposure to tetracycline (1 μg · ml − 1 ). All cell lines were grown at 37
• C in a humidified atmosphere containing 5 % CO 2 .
Plasmid construction and transfection
A haemagglutinin (HA) epitope was introduced into the extracellular S1-S2 loop of TRPM2 using overlap extension PCR. The addition of the HA tag did not affect the function of the channel. The HA-tagged TRPM2 cDNA was subcloned into pCDNA3.1 and transfected into HEK-293 cells using Fugene ® HD (Promega).
Antibodies and reagents
For immunostaining, rat anti-HA (clone 3F10) monoclonal antibodies (100 ng · ml − 1 , Roche Applied Science), mouse anti-CD63 primary antibodies (1:500, Abcam), guinea pig polyclonal anti-insulin (1:500, Dako) and rabbit polyclonal anti-glucagon (1:200 • C for 1 h. The loading medium was replaced with SBS and incubated for 30 min at 37
• C, repeating this wash step a second time. Where required, H 2 O 2 and drugs were included during the loading and subsequent wash steps so that the total H 2 O 2 exposure time with and without drugs was 2 h. At the end of 2 h, the dishes were rinsed with SBS and fluorescence recorded using a DeltaVision microscope (Applied Precision) or an LSM 510 inverted confocal microscope. Cells were excited at a wavelength of 488 nm and emitted light was collected at 510 nm. Mean cellular fluorescence intensity was measured offline with ImageJ software (NIH). Data were quantified from at least three independent experiments, each performed in two dishes with three fields of views imaged.
Organelle staining
Organelles containing Zn 2 + were identified by co-labelling for Zn 2 + and organelles. Cells were loaded with FluoZin-3 as above and treated with markers of intracellular organelles for 30 min at 37
• C: ER-Tracker TM Red (1 μM), MitoTracker ® Red CMXRos (50 nM) or LysoTracker ® Red DND-99 (50 nM). FluoZin-3 fluorescence was recorded as above; organelle markers were excited at 587 (ER-Tracker) and 579 (MitoTracker and LysoTracker) nm and emission collected at 615 (ER-Tacker) and 599 (MitoTracker and LysoTracker) nm respectively.
Immunofluorescence staining
HEK-293 cells, grown on coverslips, were transfected with the TRPM2-HA construct. Forty-eight hours after transfection, cells were fixed with 2 % paraformaldehyde for 10 min, permeabilized with 0.25 % Triton X-100/PBS for 5 min, blocked with 1 % ovalbumin in PBS, stained with rat anti-HA and mouse anti-CD63 primary antibodies and labelled with Alexa Fluor 488-conjugated anti-rat and Cy3-conjugated anti-mouse secondary antibodies [23] . Images were acquired with a Zeiss LSM 700 confocal microscope using 63×/1.4 NA (numerical aperture) oil objective and excitation (Alexa Fluor 488, 494 nm; Cy3, 548 nm) and emission (Alexa Fluor 488 519 nm; Cy3, 562 nm) wavelengths.
Cell death assays
Cells were incubated with 200 μM H 2 O 2 for 2 h with or without drugs (see figure legends) in dye-free RPMI 1640 medium. The medium was gently removed and the cells were incubated for 30 min in RPMI 1640 containing propidium iodide (Sigma, 5 μg · ml − 1 ) and Hoechst 33342 (Cell Signaling Technology, 4 μM) and 10 mM N-acetylcysteine (Sigma) prior to imaging using an epifluorescent microscope (EVOS) fitted with a 20× lens. The number of blue (Hoechst; total cells) and red (propidium iodide; dead cells) cells were counted using Image J. Percentage cell death was calculated from the ratio of propidium iodide/Hoechststained cells. sodium citrate buffer, pH 5.0, for five consecutive days at a dose of 40 mg · kg − 1 body weight. Control mice were injected with vehicle alone. Mice were allowed free access to water and food. Blood was collected from tail veins at weekly intervals, after overnight fasting and glucose levels were determined with a blood glucose monitor (Accu-Chek ® Compact Plus).
Immunohistochemistry
Five weeks after the last injection, mice were killed by cervical dislocation. Pancreata were isolated, fixed in 4 % buffered paraformaldehyde, embedded in paraffin and sectioned (10 μm). Sections were mounted on slides and incubated overnight with anti-insulin and anti-glucagon antibodies in blocking buffer (3 % BSA in PBS) and stained with Alexa Fluor 488-and Cy3-conjugated secondary antibodies. Images were taken with an LSM 510 inverted confocal microscope using a 40× oil-immersion objective.
Mouse islets and streptozotocin-induced cell death
Islets were isolated from wild-type and TRPM2
− / − mice as described previously [25] . Briefly, pancreata were dissected from mice, minced into pieces (∼ 1 mm 3 ) and digested with collagenase [type IA; 1 mg · ml − 1 in Hanks balanced salt solution (HBSS)] for 10 min with gentle agitation at 37
• C. After washing with RPMI 1640, islets were hand-picked under a dissecting microscope and incubated overnight in the RPMI 1640 medium prior to drug treatments. For toxicity assays, islets were incubated with freshly prepared STZ (2 mM) with or without drugs as appropriate. Islets were photographed after 48 h.
Data analysis
Statistical significance was determined using one-way ANOVA followed by Tukey post-hoc means comparison test or unpaired Student's t test. Statistical significance was set at P < 0.05 and all error bars represent S.E.M.
RESULTS
β-cell apoptosis results from TRPM2-mediated rise in cytosolic Zn 2 +
We have investigated the mechanism by which H 2 O 2 activation of TRPM2 channels causes β-cell death. For this, we have used the rat-derived model pancreatic β-cell line, INS1 [26] . H 2 O 2 application (200 μM, 2 h) caused a marked increase in INS1 cell death, as measured by the uptake of propidium iodide (Figures 1A and 1B). Cell death was blocked by an inhibitor of apoptosis (Ac-DEVD), but not by inhibitors of necrosis (IM-54) and necroptosis (necrostatin-1), indicating that cell death occurred by apoptosis ( Figure 1C; Supplementary Figure S1 ). Since current evidence suggests that β-cell death in diabetes occurs by apoptosis [1, 2] , results obtained from this model system are deemed relevant for the following mechanistic studies. PJ34 (10 μM) and 2-APB (50 and 150 μM), agents used to inhibit PARP and the downstream TRPM2 channel function [18, 27] , almost completely inhibited cell death (Figures 1A and 1B Figure S4) . This effect was suppressed by PJ34 and 2-APB (Figures 1D  and 1E ; Supplementary Figures S3C and S3D) , suggesting that TRPM2 activation contributes to the rise in cytosolic Zn 2 + . To test whether this rise in Zn 2 + contributes to cell death, we used TPEN (1 μM) [20, 21] and clioquinol (10 μM) [29] at concentrations at which they chelate Zn 2 + , but can hardly bind Ca 2 + . Both reagents effectively prevented cell death ( Figures 1F and 1G) . We tested the role of Zn 2 + in native β-cell death using pancreatic islets isolated from mice. We imposed oxidative stress by exposing the islets to STZ. The results show that TPEN, as well as PJ34, significantly prevented STZ-induced islet destruction ( Figures 1H  and 1I ). Collectively, these results suggest that TRPM2-mediated elevation of cytosolic Zn 2 + plays a significant role in pancreatic β-cell apoptosis. Figures 1D and 1E ) suggests that Zn 2 + release occurs by a specific mechanism, requiring TRPM2 channel activation. PJ34 and 2-APB however are not sufficiently selective to fully exclude Zn 2 + release from metallothioneins. To address the contention, we sought to use a recombinant approach. HEK-293 cells, which do not express TRPM2 channels [8, 9, 32] , showed no detectable Zn 2 + response ( Figure 2C ). Induction of TRPM2 expression using a tetracycline-inducible expression system (HEK-293-TRPM2 tet ) [8] (Supplementary Figure S5 ) however resulted in a robust, 2-APB-sensitive Zn 2 + rise ( Figures 2D and 2E) . These results exclude non-specific Zn 2 + release from metallothioneins and more importantly, for the first time, demonstrate the existence of a specific mechanism for Zn 2 + release involving TRPM2 channels.
In untreated cells, FluoZin-3 staining was seen in punctate structures ( Figures 1D and 2C) , indicating the existence of free Zn 2 + in an intracellular organelle. Co-staining of cells with markers of intracellular organelles revealed extensive colocalization of Zn 2 + with a marker of lysosomes (LysoTracker), but not with markers of the ER (ER-Tracker) and mitochondria (MitoTracker) ( Figure 2F ). Similar lysosomal co-localization was also apparent in HEK-293 cells ( Figure 2G ) on which Zn Figures 3A and 3C) . By sharp contrast, there was no relationship between the rise in cytosolic Ca 2 + levels and apoptosis ( Figure 3B ). In non-induced cells ( − tetracycline), H 2 O 2 caused a small rise in Ca 2 + , but had no effect on nuclear morphology. This small rise in Ca 2 + could be attributed to activation of other Ca 2 + channels or leaky expression of TRPM2 channels. In the induced cells ( + tetracycline), H 2 O 2 caused a robust increase in cytosolic Ca 2 + in almost all cells. However, nuclear condensation was limited to ∼ 40 % of these cells ( Figure 3C ). These results suggest that this TRPM2-mediated rise in Ca 2 + alone is not sufficient to induce apoptosis, but a rise in Zn 2 + is indispensable. Consistent with this argument, PJ34 and 2-APB prevented both Zn 2 + rise and nuclear condensation, whereas chelation of Zn 2 + with TPEN (1 μM) inhibited nuclear condensation (Figures 3D and 3E; Supplementary Figures 3E  and 3F ). To confirm that at this concentration, TPEN chelates Zn 2 + only, we have tested the ability of the chelator to quench fluorescence resulting from metal ion binding to Fluo-4 and FluoroZin-3 ( Figures 3F and 3G ). TPEN caused a small, but significant, decrease in Fluo-4 fluorescence, a decrease that could be attributed to the exceptional ability of Fluo-4 to bind Zn 2 + , co-released [20, 21] 
TRPM2-deficient mice are protected from MLDS-induced pancreatic β-cell loss and hyperglycaemia
We next investigated the in vivo role of TRPM2 in pancreatic β-cell death. For this, we have used the MLDS mouse model [34, 35] . This model is thought to closely resemble human T1D because MLDS causes β-cell death by promoting DNA breakdown, PARP activation, T-cell-dependent immune reaction and cytokine-induced oxidative stress [34] . We injected wild-type and TRPM2-deficient mice (TRPM2 − / − ) [17, 22] with MLDS or vehicle and followed changes in blood glucose levels as a marker of β-cell death. The results ( Figure 4A) show that, unlike the wild-type mice, TRPM2-deficient mice are markedly resistant to MLDS-induced hyperglycaemia. Eight of 16 TRPM2
− / − mice showed little change in glycaemia, i.e. glucose levels were similar to pre-STZ treatment levels; the rest of the animals however showed varying degrees of increase in glucose levels. By contrast, all wild-type mice (16 out of 16) showed highly elevated levels of glucose. Immunostaining of pancreata showed marked loss of insulin-positive cells in STZ-injected wild-type mice, but not the corresponding TRPM2-deficient mice ( Figure 4B ). Consistent with the in vivo data, pancreatic islets isolated from wild-type mice are destroyed by ex vivo STZ treatment (2 mM, 48 h), whereas those from TRPM2 − / − mice are completely resistant to STZ (Figures 4C and 4D ). These data indicate that TRPM2 plays a crucial role in β-cell death and development of T1D phenotype in the mouse model.
DISCUSSION
Taken together with the published reports, our data support the mechanism outlined in Figure 4 (E), where oxidant-induced DNA breakdown leads to β-cell death via a cascade of events that include PARP-PARG activation, ADP-ribose production, activation of TRPM2 channels and intracellular Zn 2 + release. The physiological consequence of this chain of events is hyperglycaemia. Results of the present study provide new insights into the mechanisms of β-cell death and address some of the uncertainties surrounding β-cell death.
Activation of PARP-PARG pathway utilizes NAD and generates ADP-ribose. NAD depletion and ADP-ribose both cause β-cell death, but by fundamentally different mechanisms. By creating energy (ATP) deficiency, NAD depletion is thought to cause necrosis [5] [6] [7] . ADP-ribose, on the other hand, leads to apoptosis by activating the TRPM2 channels [11, 12] . Although oxidative stress can cause cell death via both necrosis and apoptosis, immune-mediated β-cell death appears to occur largely by apoptosis [1, 2] . For this reason, we chose experimental paradigms that promote β-cell death predominantly by apoptosis. In in vitro experiments, we used modest concentrations of H 2 O 2 to ensure that cell death occurred largely by apoptosis. Under these conditions, pharmacological inhibition of TRPM2 channels prevented INS1 β-cell apoptosis ( Figures 1A and 1C) . These effects could be replicated in HEK-293 cells through heterologous expression of TRPM2 channels ( Figure 3A) . For in vivo experiments, we have used the MLDS mouse model of T1D, which is also thought to cause cell death by apoptosis [34] . Using this model, we demonstrated that knockout of TRPM2 channels prevents β-cell death and hyperglycaemia (Figures 4A-4D ). Thus both in vitro and in vivo evidence indicates that activation of TRPM2 channels is essential for apoptotic cell death. Interestingly, these findings exclude NAD depletion as the primary cause of β-cell death because TRPM2 activation occurs downstream of NAD depletion ( Figure 4E ). We cannot, however, exclude the possibility that NAD depletion and necrosis occur at high (non-physiological) concentrations of oxidants. Apoptosis occurs by two main pathways: the extrinsic or cell death receptor pathway and the intrinsic or mitochondrial pathway [36] . The former involves the tumour necrosis factor superfamily of receptors and activation of the initiator caspase, caspase 8. The latter involves release of pro-apoptotic factors from mitochondria and activation of the initiator caspase, caspase 9. There is some degree of cross-talk between the two pathways [36, 37] , with caspase 8 affecting the mitochondrial pathway. Both pathways ultimately lead to the activation of executioner caspases, including caspase 3, which are responsible for the final steps of apoptosis [37] . Knockout of caspases 3 and 8 has been shown to protect mice from MLDS-induced islet destruction and hyperglycaemia [38, 39] . Up-regulation of ROS is a common feature of both pathways [2, 36, 37] . Indeed, a number of antioxidants have been shown to inhibit β-cell death mediated by both pathways [40, 41] . It therefore seems likely that ROS and, hence, the TRPM2 channel act upstream of caspases. Such interpretation is consistent with our finding that TRPM2 knockout mice are resistant to MLDS-induced β-cell death. Precisely where within the apoptotic pathways TRPM2 channels play a role remains to be determined.
MLDS has been shown to cause selective destruction of β-cells, which turn induces immune response against islets, resulting in insulitis [34] . Although not described in β-cells, a role for TRPM2 has been described in the inflammation through up-regulation of chemokines [42] . Inhibition of TRPM2 channels indeed prevents inflammation in a mouse model of colitis and inflammatory and neuropathic pain [42, 43] . Thus TRPM2 channels could also contribute to MLDS-induced insulitis.
TRPM2 channel activation leads to a rise in both Ca 2 + and Zn (Figures 3B and 3C) . Finally, when we prevented the rise in Zn 2 + with TPEN, leaving the Ca 2 + rise unaffected, no apoptosis was apparent (Figures 3D-3G release from lysosomes directly, the fact that TRPM2 channels are expressed in lysosomes [14, 44] (Supplementary Figure S6) and mediate lysosomal Ca 2 + release [14] strongly suggest that lysosomal Zn 2 + probably exits via TRPM2 channels. Although lysosomes express ZIP members of Zn 2 + transporters (ZIP3 and ZIP8) [45] , the finding that H 2 O 2 failed to trigger Zn 2 + release in HEK-293 cells in the absence of TRPM2 channel expression ( Figures 2D and 2E) indicates that expression of TRPM2 channels alone is enough to cause Zn 2 + release. However, we cannot fully exclude functional coupling between TRPM2 channels and ZIPs. Since extracellular Ca 2 + entry potentiates ROS-induced Zn 2 + release and Ca 2 + is an activator of TRPM2 channels [32, 33] , we propose that extracellular Ca 2 + enters through the plasma membrane TRPM2 channels and co-stimulates (together with H 2 O 2 ) lysosomal TRPM2 channels to promote Zn 2 + release ( Figure 4E ). Although TRPM2-channel-mediated Zn 2 + influx could be demonstrated in HEK-293 cells using FluoZin-3 [19] , our attempts to demonstrate Zn 2 + permeation by electrophysiology have been unsuccessful [46] , largely because concentration of Zn 2 + required to demonstrate Zn 2 + currents were found to inhibit the channel profoundly.
Whole animal studies support a role for Zn 2 + in the pathophysiology of T1D. First, excess dietary Zn 2 + supplementation potentiates the incidence of diabetes and mortality in non-obese diabetic mice (genetic models of T1D), whereas dietary Zn 2 + restriction has the opposite effect [47] . Secondly, Zn 2 + chelators (calcium EDTA and clioquinol) reduce STZ-induced β-cell death and hyperglycaemia [48, 49] . Finally, knockout of zinc transporter 5 (Zn5T) reduced β-cell Zn 2 + levels and improved β-cell mass and glucose homoeostasis in non-obese diabetic mice [47] . Thus there is significant in vivo evidence in support of a role for Zn 2 + in the patho-physiology of T1D. Taken together with the present study, we conclude that β-cell death in animal models of T1D is caused by TRPM2-channel-mediated rise in intracellular Zn 2 + and that TRPM2 is a promising target for prevention of T1D.
Besides the effect on β-cell viability, TRPM2 channels have also been implicated in insulin secretion and peripheral insulin resistance. Uchida et al. [15] reported that TRPM2 knockout mice exhibit slightly elevated basal insulin, impaired glucose tolerance, but normal fasting blood glucose levels. Zhang et al. [17] , by contrast, reported that TRPM2 knockout improves glucose tolerance (due to improved insulin sensitivity), but has no effect on basal glucose or insulin levels. The reason for the discrepancy between the two reports is unclear, but the finding that TRPM2 knockout improves insulin sensitivity suggests that TRPM2 channels could also be a potential target for T2D.
In summary, our in vitro and in vivo studies provide novel insights into how oxidative stress causes pancreatic β-cell death and hyperglycaemia. The mechanism involves activation of TRPM2 channels, entry of extracellular Ca 2 + , Ca 2 + -potentiated Zn 2 + release and, ultimately, Zn 2 + -induced β-cell apoptosis. Whether a similar mechanism underlies cell death in other degenerative diseases remains to be investigated.
